The conformational flexibility of the expanded porphyrins allows them to achieve different topologies with distinct aromaticities and nonlinear optical properties (NLOP). For instance, it is possible to switch between Möbius and Hückel topologies applying only small changes in the external conditions or in the structure of the ring. In this work, we evaluate the electronic and vibrational contributions to static and dynamic NLOP of the Hückel and Möbius conformers of A,D-di-pbenzi[28]hexaphyrin(1.1.1.1.1.1) synthesized by Latos-Grażyński and co-workers [Angew. Chem., Int. Ed. 46, 7869 (2007)]. Calculations are performed at the HF, M052X, and CAM-B3LYP levels using the 6-31G, 6-311G(d), and 6-31+G(d) basis sets. Our results conclude that M052X/6-31G and CAM-B3LYP/6-31G methods provide a correct qualitative description of the electronic and vibrational contributions for the NLOP of expanded porphyrins. The studied systems show high NLOP with large differences between the Möbius and Hückel conformations (around 1 × 10 6 a.u. forγ ). The obtained results indicate that the expanded porphyrins are promising systems to manufacture Hückel-to-Möbius topological switches.
I. INTRODUCTION
Möbius aromaticity 1, 2 has revolutionized the chemistry of expanded porphyrins. Sessler and Seidel 3 defined expanded porphyrins as "synthetic analogues of the porphyrins, and differ from these and other naturally occurring tetrapyrrolic macrocycles by containing a larger central core with a minimum of 17 atoms, while retaining the extended conjugation features that are a hallmark of these quintessential biological pigments." The conformational flexibility, the number and the nature of substituents on the pyrrolic and meso positions, and the metallation of the porphyrins allow them to achieve different topologies with distinct aromaticities, magnetic, and electric properties. 4 In the last five years several Hückel and Möbius topological systems have been prepared through replacement of the solvent and protonation, [5] [6] [7] temperature control, 8, 9 metal coordination, 10 and functional group modifications. 11 As one can see, the synthesis of aromatic systems with Möbius topology has just started and there are still a lot of aspects and applications to be analyzed.
One of the most appealing applications is the possibility of designing new topologically switchable porphyrins with high nonlinear optical properties (NLOP). 12 The expanded porphyrins can exchange between the Hückel and Möbius topologies applying small changes in the external conditions (temperature, solvent, redox potential) or in the structure of the ring. The key factors, which will determine their potential use as optical switches are the high values of the NLOP and a) E-mail: miqueltorrentsucarrat@gmail.com. Telephone: +34 934006111.
Fax: +34 932045903. b) Telephone: +34 972418272. Fax: +34 972418356. the large differences between the NLOP of the Möbius and Hückel conformations.
In the literature, there exist only a few works about the evaluation of the NLOP with Hückel and Möbius tolopologies. Xu et al. 13 studied the electronic dipole moment and first hyperpolarizability of aza- [7] cyclacenes with/without a knot and four knots isomers of strip aza- [15] cyclacenes. In addition, Wang et al. 14 reported the electronic first hyperpolarizability of a Möbius basket molecule based on six fused five-membered pyrrole rings. Wang et al. 15 described the lithium-effect on the NLOP in the short zigzag-edged monolithiated aza-Möbius grapheme ribbon [2, 7] isomers. Finally, the present authors 16 studied the electronic and vibrational contributions to static and dynamic NLOP of the C S Hückel and C 2 Möbius conformers of the bianthraquinodimethane modified [16] annulene synthesized by Herges and coworkers. 2 Calculations were performed at the HF, B3LYP, BHandHLYP, BMK, M052X, CAM-B3LYP, and MP2 levels with the 6-31+G(d) basis set. Our results concluded that BHandHLYP, M052X, and CAM-B3LYP methods correctly reproduce the x-ray crystal structure and provide similar nonlinear optical properties, which can be considered of a semiquantitative quality. Moreover, we found that the NLOP values for Hückel and Möbius conformations of the bianthraquinodimethane modified [16] annulene are very similar.
As far as we know, no analogous of NLOP calculations have been carried out for expanded porphyrins. This work is the first attempt to determine their potential as optical switches. We have carried out a complete evaluation of their electronic and vibrational contributions to static and dynamic NLOP of both Hückel and Möbius conformers. The selected system is the first reported dynamic switch between Hückel and Möbius in a expanded porphyrin analogue containing para-phenylene rings, the A,D-di-pbenzi [28] hexaphyrin(1.1.1.1.1.1) (1; A and D denote the positions of the phenylenes rings in the macrocyclic structure) synthesized by Stepień et al. (see Figure 1) . 5 This system shows solvent-dependent equilibrium between the Hückel, 1-H, and Möbius, 1-M, conformations. In some solvents, such as aliphatic hydrocarbons and alcohols, only 1-H is observed. On the other hand, in solvents such as benzene or dichloromethane, a certain amount of 1-M is also present. And finally, 1-M becomes the dominant conformer in chloroform and N,N-dimethylformamide. In a more recent work, Stepień et al. 7 also found that this system is sufficiently flexible to switch between three distinct π -conjugation topologies planar Hückel (antiaromatic, 1-H), singly twisted Möbius (aromatic, 1-M), and double twisted Hückel (antiaromatic), without changing its oxidation level. This process is under both thermodynamic and kinetic reaction control and can be realized in three-or four-step cycle, which supports the potential practical value of these topological switches.
This article is organized as follows. Section II summarizes the methodological and computational considerations. It is followed in Sec. III by a discussion of the results obtained for the electronic and vibrational contributions to static and dynamic NLOP of 1-H and 1-M in gas phase and in solvent. Finally, our conclusions are given in Sec. IV.
II. COMPUTATIONAL METHODS
The evaluation of the static electronic contribution to dipole moment, μ e , linear polarizability, α e , first hyperpolarizability, β e , and second hyperpolarizability, γ e , were performed at the HF, M052X, 17 and CAM-B3LYP 18 levels with the 6-31G, 6-311G(d), and 6-31+G(d) basis sets 19 using the GAUSSIAN 09 program package.
20 μ e , α e , and β e were analytically evaluated for all the methodologies. In contrast, γ e was obtained by finite field differentiation of β e . The numerical differentiation was carried out for field strengths of ±0.0002, ±0.0004, ±0.0008, and ±0.0016 a.u. The smallest field magnitude that produced a stable derivative was selected using a Romberg method triangle. 21 The symmetry restrictions have not been considered in the optimization process and the structures of 1-H and 1-M at B3LYP/6-31G(d,p) obtained by Stepień et al. 5 have been used as the initial geometry of the optimization process. The geometry optimizations in gas phase have been done at HF, M052X, and CAM-B3LYP levels with the 6-31G and 6-311G(d) basis sets. The average (hyper)polarizabilities are defined by following equations:
We have considered the solvation effect in the static electronic contribution to NLOP using the self-consistent reaction field (SCRF) approach 23 with a dielectric constant of benzene (ε = 2.271), chloroform (ε = 4.711), and ethanol (ε = 24.852). The polarizable continuum model using the integral equation formalism variant has been calculated using the radii and nonelectrostatic terms of Truhlar and co-workers' SMD solvation model. 24 The geometry optimizations in solution have been done using the CAM-B3LYP approach with the 6-31G basis set.
The vibrational (hyper)polarizabilities can be computed using the pioneer perturbation treatment of Bishop and Kirtman (BK) (Refs. 25 and 26) or the variational approach based on analytical response theory proposed by Christiansen et al. 27 One approach intertwined to BK method is the nuclear relaxation approach, whose derivation of vibrational NLOP formulas is based on determining the change in the equilibrium geometry induced by a static external field. [28] [29] [30] Even though there is an exact correspondence between static and infinite optical frequency approximation vibrational hyperpolarizabilities expressions obtained with the BK perturbation treatment and the nuclear relaxation approach, 29, 30 the latter has spawned valuable new concepts and related computational procedures. From the viewpoint of the nuclear relaxation (NR) procedure, it is natural to divide the total vibrational (hyper)polarizability into nuclear relaxation (P nr ) and curvature (P c ) contributions. P nr and P c arise from the change in the electronic and zero-point vibrational averaging corrections caused by the field-induced relaxation of the equilibrium geometry, respectively. The P c is usually smaller and far more computationally expensive than P nr , 31, 32 and it is not computed here.
Under the infinite optical frequency (IOF) approximation, which corresponds to the limit ω → ∞, the expression for the dynamic P nr contributions to several nonlinear optical process can be obtained using the nuclear relaxation approach. 28, 30 Tests of the IOF approximation have shown that it yields satisfactory results. 33, 34 The bottleneck in calculating P nr from analytical expressions is the number and the computational cost of the n th -order derivatives with respect to normal modes, where maximum value of n changes from 1 to 3 depending of the particular NR NLO property. 30 Their number is ( 3N-6) n with N being the number of atoms. This problem can be circumvented by using finite field nuclear relaxations approach. But another alternative to reduce drastically the cost of the calculations that does not prevent the calculation of the NR contributions with the analytical formulas is the use of the field-induced vibrational coordinates (FICs), which are just the displacement coordinates derived from the change in the equilibrium geometry induced by a static applied field. [34] [35] [36] The FICs radically reduce the number of n thorder derivatives to be evaluated. For instance, for the average value of nuclear relaxation contribution to Pockels effect, the analytical expressions containing sums over 3N-6 normal coordinates can be reduced to formulas that involve only three FICs.
The analytical definition of the first (χ 
and
where the superindex of the square bracket indicate the total order of anharmonicity of the term; the subindex is the number of external static fields involve in the definition of the property (2 is a special case to indicate that there are no static fields, but there are the cancellation of signs of two optical frequencies); and the properties inside the square bracket indicate which derivatives of the electronic property contain each term. Table I shows the experimental and theoretical bond lengths of the phenylene-containing porphyrinoid ring with C 2 topology (for the numbering of the distances see Figure 2 ). The bond lengths have been evaluated at HF, CAM-B3LYP, and M052X levels using the 6-31G and 6-311G(d) basis sets (gas phase). Moreover, Table I also contains the maximum absolute error (MAX) and the mean absolute error (MAE), which is defined
III. RESULTS AND DISCUSSIONS
where d i and d i, exp are the calculated and experimental bond lengths, respectively, and N is the number of bond lengths considered (N = 23). From the MAE values, one can easily see that the increase from 6-31G to 6-311G(d) basis sets does not improve the agreement between theoretical and xray crystallographic bond lengths; e.g., at CAM-B3LYP and M052X levels the MAE value using the 6-31G and 6-311G(d) basis sets is the same, 0.015. In addition, a better geometrical description of the ring is obtained with CAM-B3LYP and M052X methods than HF; e.g., using the 6-311G(d) basis set the MAE values of HF, CAM-B3LYP, and M052X treatments are 0.023, 0.015, and 0.015, respectively. This later average error is very similar to the average error obtained for our previous results for the bianthraquinodimethane modified [16] annulene. 16 Moreover, d 1 , d 6 , d 20 , d 21 , and d 23 are the experimental distances that show a major difference with respect to the calculated results. These bond lengths are mainly located in the carbon-carbon bonds that connect the pyrrole subunits and the bonds attached to these bridges. Among them, it is worth noting the d 1 distance, which has the maximum absolute error value for all the methods displayed in Table I . Tables II and III contain the static electronic contribution to α and γ for the structures 1-H and 1-M, respectively, using seven different levels of theory. For each property, the diagonal components and the average values, see Eqs. (1)- (3), are reported. The μ and β of these two conformations are very small, e.g., 1-H has two diagonal terms null by symmetry, and no relevant conclusions can be obtained. For this reason, our analysis will be focus on α and γ values. But our results for the electronic and nuclear relaxation contributions to dipole moments and first hyperpolarizabilities of 1-H and 1-M can be found in the Tables S1 and S2 of the supplementary material, respectively. 37 It is well established that diffuse and polarization functions are required for a quantitative description of both the electronic and vibrational (hyper)polarizabilities of medium size organic molecules. 32, [38] [39] [40] [41] Nevertheless, it has also been found in the past that the 6-31G basis set is adequate to obtain qualitative results, and many previous theoretical investigations of NLOP have used it. 31, 36, 39, 40, 42 In Tables II and  III , one can see that the increment of basis set from 6-31G to 6-311G(d) does not provoke a large variation of α e and γ e values (lie in the 2%-32% range). In our previous article, 16 we used the 6-31+G(d) basis for the NLOP evaluation of bianthraquinodimethane modified [16] annulene. In the present work, the inclusion of the diffuse functions produces a problem in the convergence of the self-consistent field (SCF) process. Then, to check the e andγ e values (differences lie in the range 1%-13%). Then, we can conclude that CAM-B3LYP/6-31G and M052X/6-31G levels can provide a semiquantitative accuracy to evaluate the electronic NLOP of expanded porphyrins.
In Tables II and III Stepień et al. 5 show that the equilibrium between Hückel and Möbius conformers of A,D-di-pbenzi [28] hexaphyrin(1.1.1.1.1.1) is solvent-dependent. Then, we have also checked the role of the solvent in the evaluation of the NLOP, optimizing the 1-H and 1-M structures using the SCRF approach with a dielectric constant of benzene (ε = 2.271), chloroform (ε = 4.711), and ethanol (ε = 24.852) at CAM-B3LYP/6-31G level, see Table IV . One can easily see that α e and γ e values increase with the dielectric constant of the solvent. 37 For instance, at the Möbius conformation γ e evaluated at benzene, chloroform, and ethanol solvents is 2.2, 3.5, and 4.9 times, respectively, larger thanγ e evaluated at gas phase. However, the ratioγ e Möbius /γ e Hückel with solvent remains more or less constant than the results obtained with gas phase. The difference of the NLOP between the Möbius and Hückel structures also increases with the dielectric constant, e.g., the difference ofγ e evaluated of gas phase and benzene, chloroform, and ethanol solvents are 3.57 × 10 5 , 6.49 × 10 5 , 1.04 × 10 6 , and 1.26 × 10 6 , respectively. These results indicate that the solvent has a relevant role in the evaluation of the NLOP. And then, it is necessary to consider explicit solvent molecules to a correct study of the NLOP for expanded porphyrins, although this fact is out of the scope of the present work. Tables V and VI report the static and IOF dynamic nuclear relaxation polarizabilities and second hyperpolarizabilities for 1-H and 1-M structures, respectively. The evaluation of the three diagonal components of γ nr (−ω; ω, 0, 0) ω→∞ and γ nr (−2ω; ω, ω, 0) ω→∞ properties are computational expensive (they require 13 Hessian calculations) and for the largest basis set, 6-311G(d), they have been only evaluated at CAM-B3LYP level. On the other hand, other properties such as α nr (0; 0) and γ nr (−ω; ω, −ω, ω) ω→∞ only require the Hessian calculation at the equilibrium geometry and they have been evaluated for all the quantum chemistry methods studied in this work, in exception of the M052X/6-311G(d) level, where the high accurate optimized geometries requested for the evaluation of the nuclear relaxation linear polarizabilities and second hyperpolarizabilities was not achieved. In analogy to our previous work, 16 the vibrational contribution to static and IOF dynamic NLOP can be either larger or comparable in size than the electronic contribution. For instance, in the Hückel conformerγ nr (−ω; ω, 0, 0) ω→∞ andγ nr (−ω; ω, −ω, ω) ω→∞ evaluated at CAM-B3LYP/6-311G(d) are 1.2 and 2.3 larger thanγ e (0; 0, 0, 0). Then, it results than an accurate evaluation of NLOP for expanded porphyrins requires the study of the vibrational contribution.
In contrast to the electronic contribution, the modifications of the basis set and/or method provoke important differences in the independent components of the nuclear relaxation α and γ tensors. However, the big differences are largely cancelled in the average nuclear relaxation values of α and γ . The increment of basis set from 6-31G to 6-311G(d) does not provoke large variations ofᾱ nr and γ nr , which differences lie in the range 1%-17%, with one relevant exception,γ nr (−ω; ω, 0, 0) ω→∞ at CAM-B3LYP in the 1-M structure. The latter is caused only by the basis set dependence of the BK [μ 2 α] I 2 term, which is an indication that the anharmonicity plays a crucial role in this property for this system. On the other hand, the density functional theory methods induce important modifications TABLE V. Nuclear relaxation polarizabilities and second hyperpolarizabilities of Hückel topology of A,D-di-pbenzi [28] hexaphyrin(1.1.1.1.1.1) (1-H) calculated using 5 different levels of theory. All quantities are in atomic units. of the average nuclear relaxation values of α and γ , i.e., α nr andγ nr evaluated using the CAM-B3LYP and M052X methodologies vary from 23% to 150% in comparison with the results obtained at HF level. These differences are reduced (smaller than 33%) comparing theᾱ nr andγ nr results obtained with CAM-B3LYP and M052X methods, although an exception is obtained with theγ nr (−ω; ω, 0, 0) ω→∞ at the Möbius conformer, which presents the values of 2.59 × 10 5 and 1.52 × 10 6 using the CAM-B3LYP/6-31G and M052X/6-31G levels, respectively. Then, we can conclude that CAM-B3LYP/6-31G and M052X/6-31G methods can provide at least a qualitative description of the vibrational contribution for the NLOP of expanded porphyrins.
In a similar way to the electronic contribution, the Möbius conformation shows largerγ nr values (for most of properties) than the Hückel structure. For instance, at M052X/6-31G level we obtain that the ratios ofγ nr (−ω; ω, 0, 0) ω→∞ ,γ nr (−2ω; ω, ω, 0) ω→∞ , and γ nr (−ω; ω, −ω, ω) ω→∞ of the Möbius structure with respect to the Hückel conformer are 1.6, 2.3, and 1.3, respectively. Thus, to reproduce the possible experimental results it is necessary to consider the sum of the static electronic and vibrational contributions (γ =γ e +γ vib ), which shows very high values (lie in the range 4 × 10 5 and 5 × 10 6 a.u.). In the literature, several works have shown that second hyperpolarizabilites larger than 1 × 10 5 a.u. can be considered as high NLOP values. 40, 41, 43 For instance, theγ obtained in this work are one order of magnitude larger than our results obtained for the Hückel and Möbius conformers for the bianthraquinodimethane modified [16] annulene. 16 It is important to remark that large differences ofγ between the Hückel and Möbius conformers are obtained, the maximum difference is 1 × 10 6 a.u. [electronic contribution plus NR Kerr effect and electronic contribution plus NR IDRI effect evaluated at M052X/6-31G]. These results are promising to manufacture Hückel-to-Möbius topological switches based on expanded porphyrins with high NLOP and large differences between the Möbius and Hückel conformations.
IV. SUMMARY AND CONCLUSIONS
With the aim of bringing more insight into the relationship between aromaticity, molecular geometry, and NLOP for the expanded porphyrins, we have evaluated the electronic and vibrational contributions to static and IOF dynamic NLOP of the Hückel and Möbius conformers of A,D-di-p-benzi [28] hexaphyrin(1.1.1.1.1.1) synthesized by Latos-Grażyński and co-workers. Calculations are performed at the HF, M052X, and CAM-B3LYP levels using the 6-31G, 6-311G(d), and 6-31+G(d) basis sets in gas phase. Moreover, the solvation effect in the electronic contribution to NLOP has also been considered using the PCM-SMD approach with three different solvents (benzene, chloroform, and ethanol) evaluated at CAM-B3LYP/6-31G methodology. The results of this work lead us to the following conclusions:
(a) CAM-B3LYP/6-31G and M052X/6-31G methods correctly reproduce the X-Ray crystal structure of the 1-M conformer and they provide a semiquantitative accuracy to evaluate the static electronic NLOP of expanded porphyrins.
(b) The static electronic contribution to NLOP and the difference of the NLOP between the Möbius and Hückel structures increase with the dielectric constant of the solvent, although it does not change the general conclusions obtained at gas phase. These results indicate that the solvent has a relevant role in the evaluation of the NLOP and then it is necessary to consider explicit solvent molecules in their accurate calculation. (c) In expanded porphyrins, the vibrational contribution to static and IOF dynamic NLOP can be either larger or comparable in size than the electronic contribution and it must to be considered for an accurate evaluation of NLOP. Moreover, the modifications of the basis set and/or method provoke important differences in the nuclear relaxation of α and γ . However, we found that CAM-B3LYP/6-31G and M052X/6-31G levels can provide at least a qualitative description of the vibrational contribution for the NLOP of expanded porphyrins. (d) The sum of the electronic and vibrational contributions, γ , shows very high values (lie in the range 4 × 10 5 and 5 × 10 6 a.u.) and large differences ofγ between the Hückel and Möbius conformers are obtained, with the maximum difference at 1 × 10 6 a.u.
These results are promising for the design and photophysical characterization of new Hückel-to-Möbius topological switches based on expanded porphyrins. It is worth noting that in gas phase the Hückel conformer of A,D-dip-benzi [28] hexaphyrin(1.1.1.1.1.1) is more stable than the Möbius structure, i.e., the aromaticity plays a small role in the relative stability of this switch. We expect that higher NLOP values and larger differences between NLOP of Möbius and Hückel conformations can be obtained in expanded porphyrins with larger differences of aromaticity (and HOMO-LUMO gaps) between both topologies, and where the Möbius structure is most stable than the Hückel one. Additional work on the NLOP evaluation of meso-aryl-substituted [28] hexaphyrins(1.1.1.1.1.1), 8 and a deep analysis between the aromaticity, global hardness, and NLOP of the expanded porphyrins using the maximum hardness and minimum polarizability principles 44 are in progress in our laboratory.
